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Introduction 

Phospholipid spherules composed of lipid bilayer membranes entrapping a central 
aqueous core were first described more than 30 yeare ago (Bangham et al 1965). The 
term liposome was coined in 1968 (Sessa & Weissmann 1968) and the first suggestions 
that these vesicles might halve potentialas vehicles for targeted drug delivery for a range 
of diseases, including cancer, appeared shortly afterwards (Gregoriades et al 1974; 
Gregoriades 1976a, b). However, the process of turning this expectation into a clinical 
reality has suffered a number of setbacks and has taken more than a quarter of a 
century. In the process, new types of liposomes with favourable in-vivo pharmaco- 
kinetics and biodistribiition; patterns have been generated (Lasic & Papahadjopoulos 
1995). Many of t^ese preparations have been subjected to extensive, examination 
and an increasing number of agents have entered clinical trials. In this review, we will 
trace;the development of those liposomes that are currently undergoing | (or are about 
to undergo) clinical evaluation. 

The mechanism of tumour targeting by liposomes 

The ability of liposomes to localize effectively to tumours is a somewhat enigmatic 
property. Even in the ;absence of tumour cell-specific ligands attached to their surface, 
liposomes will localize to tumours. In this sense, it is generally accepted that liposomal 
tumour targeting is a passive function and depends largely on the number of times that 
an individual liposome; passes through the vascular network within a tumour. It is well 
r^oguized that the blood vessels in a turnbur are abnormally leaky as a result of 
significant structural and functional anomalies. This leakiness and the co-existing lack 
of a fully functional system of lymphatic drainage aire thought to account for the 
extravasation and reteption of liposomes within the tumour interstitium. Therefore, by 
altering the; physicck;hernic^ ; pror^rties of a Kpospme, its ability to reniain in the 
circulation (and hencej its likelihood of being deposited in the tumour) can I be altered. 
Attempts to exploit |this physiccchemicai; property of liposomes underlie the <te- 
velbpinent of sorcalled long-circulating liposomes with extended circulation half-fives 
(see below). _^ 

The history of liposome development 

Hie early development of liposomal therapeutics was beset -by a number of problems 
(Martin 1997). Formidable difficulties were presented by the need to produce stable 
drug-containing liposomes in a reliable, reproducible way. The entrapment conditions 
for any particular agent need to be optimized individually. Because liposomes can carry 
drugs in one of three' potential compartments (waterrsoluble agents in the central 
aqueous core, lipid-soliible agents in the membrane; peptides and small proteins at the 
lipid-^quebus interface), a diverse range of optimal encapsulation conditions may exist 
for deferent agents. Inj addition, .the release kinetics; of the entrapped agents can vary; 
depending on the liposomal fbnnuktion, and this can affect the therapeutic effr 
cacy. Therefore, development of agents for pre-cliliical and clinical use can be both 
laborious and expensive: In early in-yivo studies, liposomes were shown to have, very 
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Figure 1 Schematic diagram of a conventionalunilammelar vesicle. The magnijBed area shows the organization of the lipid bilayer membrane, 
which is composed of phospholipid molecules and cholesterol. The aqueous core represents a reservoir of the entrapped drug. 
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Figure 2 Schematic diagram of a conventioiial muJtilaminelar vesicle. The magnified area shows the organization of the multiple repeated 
lipid bilayer membranes composed of phospholipid molecules and cholesterol. The aqueous phase occupies the space between the lipid layers. 
Lipophilic drugs can be entrapped in tie lipid membranes and hydrophilic drugs can be contained in the aqueous phase. 



short circulation half-lives owing to rapid liposomal op- 
sonization by plasma proteins and phagocytosis by fixed 
tissue macrophages of the reticuloendothelial system 
(RES). Ih addition^ lipid exchange with plasma hpbproteins 
caia destabilize liposomes arid lead to their Iriiptiire, with 
rapid release of the entrapped drug. Taken together* these 
various proteins meant -that ; tbe available lippspinal for- 
mulations offered few advantages over the administration 
of the imenrapsulated drug. As a result, the early: clinical 
applications of Hpdsomes were largely; limited to situations 
in which targeting of the. RES was' ; advantageous (e ; g. 
treating systemlib protozoal andlfiingai infections): (Adljer- 
Mopre 1994;; Ng : & =Deiming 1995 ;! RuisO et al 1996 
Prentice etial 1997).. 

The first Jbfpak^pugh in the problem of : the rapid 5 
clearance ^ Iipbsonies from. the -/calculation cariie fromj 
studies correlating -lipbsonie ^rmeability, meirribrane flu- 



idity and liposome size with the circulation half-life (Senior 
& Gregoriades 1982a* b). These studies provided the back- 
ground for the development of some of the currently 
available conventional liposomes. In the search for lipo- 
somes with improved phaimacoidnetic parameters, a num- 
ber of groups have evaluated the effect of adding, various 
corhponents to the lipid membrane. This work has been 
driven, in part, by the discovery that the stability of red 
cells in the blood is inediaied by their hydrophilic, sialic 
acid-rich glycpcalyx (burocher et al 1975). By incorporat- 
ing different purified gjybolipids, a new class of so-called 
steriqaLy stabilised liposomes has been generated and the 
phaxinacokinetibs and biodistributibn of the$e agents have 
been evaluated; in-yiyjp in muririe modeils (Alien & Chpnn 
1987). Significant enhancement of circulation halMfe was 
achieved withi a;gahgjioside (inpndsiai<^ 
extracted frprriibovine brain tissiie. This' agerit wastfeierhed 
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Figure 3 Schematic diagram of a sterically stabilized liposome. The magnified area shows the organization of the lipid bilayer membrane arid 
the disposition of the pegyiated distearoyl phosphatidylethanolamirie (MPEG^DSPE) poiymer molecules,- which are attached to the membrane 
by a lipophilic fatty acyl anchor and protrude from both the internal and external faces of the membrane. Only the external MPEG-DSPE 
molecules are represented in the schematic of the entire liposome. Drugs can be entrapped within the aqueous core of such liposomes. 



to be unsuitable for clinical use, a decision that has assumed 
added significance in the wake of the appearance of bovine ; 
spongiform encephalopathy and new variant Creutzfeld- 
jakob disease. At about the same time, hydrogenated 
phoshphatidyhnositol (HPI), a molecule extracted from 
soybean oil, was shown to achieve similar results to GM1 
(Gabizon; & Papahadjopoulos 1988). Unfortunately, the 
extraction of HPI proved to be prohibitively expensive and 
its development was halted. A significant advance came 
with the discovery thatiliposomes with methoxypolyethyl- 
ene glycol (N^EG^erivatized lipids in their membranes 
had iprolqnged cirqulation half-lives and could be readily 
r^duced;ih l^ge quahtities^^ al 1990; Allen & 

Hansen 1|991; Papahadjopoulos et al 1991): MPEG is 
thought to aot by providing a steric barrier against inter- 
actions with plasma: jjrpteins,' such as opsonin^ and; lipo- 
proteins, and cell surface receptors, such that: pegyiated 
hppsomesi evade clearance; by the RES (Gabizon; 1-994). 
Subsequent rese £rch ^ort has helped io define the optimal 
f prhjuiat^ of MPE<3 derivative);of such 

Hposbrtiesj^sic; 199% 

; Although ^he ; polyethylene glycol (PEG) barrier may 
havbjbfenejicial effects in terms of extending the circulation 
half-ltfe arid iricrea^ihjg the area unckir the curve of drug 
exp^ure, ; there is softie Evidence that its presence inay 
hiir^je ; d^^ telease/jdeliyery tp the target cell; population. 
Attepipis have ; bees irfiade tp solve this problem by gen- 
erating jippsoines (AdlaMia- 
Hutc^pn j^t ai ;^099^Zaljppky et al 19§9). One system iises 
PB^flhpsjr^ with 'acyl chains pfylaxyr 

ing leii^gjtliSi whteh; ^ rate of exchange; ofj th6 

PEGjqpm^^ liposome ihembrahe. Irj: effect; 

subh ; jl^psdn^s! are:!^f ted Hyith- a ' * timfcr " that detejriniries 
h^wjljc^jt^ pegylkted (A^jalcha- 

Hitb^ori jstal 19?^:^ uses KiPjSci 

attached to this'lipoaldme:^ by linkers that 'are 



cleayable under mildly reducing conditions, such as those 
found within the tumour milieu (Zalipsky etal 1999). Such 
studies are likely to represent just the beginning 6f:a trend 
towards rational design of the components of the lipid 
membrane in order to influence favourably the; behaviour 
of liposomes in-vivo. 

Classification of liposomes 

There are a number of ways in which liposomes can be 
categorized; Dne scheme uses the simple ■ physical charac- 
teristic of lamellarity (the number of phospholipid mem- 
brane layers) to divide liposomes into unilamellar vesicles 
(ULy)(Higure l)and multilamellar vesicles (MLV) (Figure 
2) (fterez-Soler 1989). ULV have a single phospholipid 
bilaypr membrane and a diamieter of 0.05^.25 /tm. These 
liposomes cap be further split into small ULV; (SULV) with 
a diajneter of 0.05-0,1 /tm and large: ULV (LULV) with a 
diampter of 0.1-0.25:/tm. Because ULVfcbntain a large 
central aqueous compartment, they areid^aily suited to the 
enbagsulation of water-soluble agents. Passive drug encap- 
sulation is ajrelatively ^efficient meahs pf loading these 
hppsomes an& more frequeritlyj a ^adient^driven system 
is Used to achieve efficient drug entrapment. MLV are 
composed of concentric phospholipid bilayjer membranes 
in ari: onion-skin, arrangement and have a diameter of 
1-5 /an. In cbntrast to ULV, they only icontain a small 
aqueous Compartment (< 10%:), which ineans that they 
pn?fe t i*entifdlyj entrap lipid-soluble drugS : efficiently. This 
fadi ^s likely ;|to assume grekt «hnportkncei in the future 
beciause ainuniber of active cytotoxic ;dru^ ate highly iipid- 
soiujbje, aj property ; that has ; sometimes < hampered their 
clihic^l development (Leyland-Jfpnes 1993). : 

Apj alteraatiye classification, scheme: has been proposed 
(Mjaitin l£97|;This categorization dtaws ocj both physical 
anil pjhysiblogLcal features of the lipbsbthy | formulations. 
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Table 1 Summary of pre-clinical biodistribiition and pharmacokinetic studies using conventional liposomes in animal models. 



Liposome Tracer 



Tumour models 



Comments 



Reference 



SUV Doxorubicin 



SUV ni In-NTA 



J-6456 (lymphoma) 



EMT6 



SUV 



Doxorubicin 



J-6456 (lymphoma) 



MLV 



NDDP 
CDDP 



B 16 (melanoma) 
VX2 (hepatic cancer) 



SUV 



Vincristine 



P388 (leukaemia) 
L12 10 (leukaemia) 



MLV 



NDDP 



None 



SUV m In-NTA 

Daunorubicin 



P-1798 

(lymphosarcoma) 
MA16C (breast) 



There was decreased cardiac uptake 
with PS/PC/Chol and PC/Choi 
(but not DPG/PC/GhoI) liposomes 
with ho loss of antitumour efficacy 

This study compared the tumour 
targeting achieved by. various 
liposome formulations with neutral, 
positive and negative surface 
charge. The highest tumour and 
lowest RES uptakes were 
documented for neutral SUV 
composed of a 2: 1 ratio of 
DSPC/Chol. There was significant 
RES uptake of all formulations, 
although this was lowest for neutral 
liposomes 

There was increased liver/spleen 
uptake with PS/PC/Chol liposomes 
compared with the unencapsulated 
drug. Increased drug levels were 
documented in J-6456 cells isolated 
from the liver after liposomal drug 
delivery 

There was no difference in tumour 
uptake after intravenous injection 
of unencapsulated cisplatin or 
liposomal NDDP (MLV composed 
of a 7 : 3 ratio of DMPC/DMPG) in 
a B16 melanoma model. There was 
significantly greater tumour uptake 
after intravenous and intra-arterial 
injection of the liposomal as 
compared with the unencapsulated 
drug in the VX2 model 
A comparison between egg PC/Choi 
and DSPC/Chol liposomes 
containing vincristine was 
performed. The LD50 of the 
DSPC/Chol preparation was 
significantly lower than that of 
unencapsulated vincristine 
The serum AUC after intravenous or 
intraperitoneal injection was 
significantly higher for liposomal 
NDDP compared with 
unencapsulated CDDP. The AUC 
in the peritoneum was greater after 
intraperitoneal liposomal NDDP 
compared with intraperitoneal 
unencapsulated CDDP 
Tumour deposition of m In-NTA and 
daunorubicin were 2.5 to 20-fold 
greater for liposomal compared 
with unencapsulated agents in both 
the P-1798 and MA16C models. 
The tumour AUC was 10-fold 
greater for liposomal as compared 
with unencapsulated daunorubicin 
in the P-1798 model 



Gabizon etal (1982) 



Proffitt et al (1983) 



Gabizon etal (1983) 



Khokhar etal (1988) 



Mayeretal(1990) 



Vadiei etal (1992) 



Forssen et al (1992) 
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Table 1 (cont). 



Liposome : Tracer 



Tumour models 



Comments 



Reference 



SUV 



SUV 



Daunorubicin 



CT Ga-or ul In-NTA 

^Ga- or m In-deferbxamine 

"^c-HMPAO 



P-1798 
(lymphosarcoma) 



Mouse sarcoma 180 
Ehrlich tumour 



StfV 



Doxorubicin 



B16/BL6 
(melanoma) 
L1210 (leukaemia) 



SUV 



Doxorubicin 



C-26 (colon) 



There was a 2.5-fold increase in the 
tumour AUC of liposomal as 
compared with unencapsulated 
daunorubicin 

This study was designed to define the 
optimal size and 

phospholipid/cholesterol content 
for tumour targeting by SUV. For 
DSPC/Chol (ratio 2:1) SUV, the 
optimal size was found to be 
80-250 run. The optimal 
phospholipid was DSPC and the 
optimal ratio of DSPC/Chol was 
1:1 or2:l 

Maximum drug deposition was seen 
at 1 h and 48 h for unencapsulated 
and liposomal drugs, respectively. 
The tumour drug exposure was 
increased 2-3-fold (melanoma) and 
10-fold (leukaemia), respectively, 
for liposomal as compared with 
unencapsulated doxorubicin 

A comparison of liposomes 
composed of DSPC/Chol and 
DSPC/Chol/PEG-DSPE was 
performed/The plasma AUC was 
2-fold greater for pegylated 
liposomes, but the tumour AUC 
over 72 h was 1 .44-fold greater for 
conventional liposomes 



Forssen etal(1996) 



Ogihara-Umeda et al (1996) 



Harasym et al (1-997) 



Hong etal (1999) 



AUC, area sunder thecurve; CDDP, cw-dicWorpiu'amnimepktmu^ Choi, cholesterol; DMPC, dimyristoyl phosphatidylcholine; DMPG, 
dimyristoyl pnosphatidyjgjiycerol; DPG, diphbsphatidylglycerol; DSPC, distearoyl phosphatidylcholine; HMPAO, hexamethylpropylene'. 
amine oxime;;LD50, dose that causes death in 50% of animals; MLV, multilamellar vesicles; NDDP, cis-bis-neodecanoato trans-R,R-l,2 
diairmiCKjyclonexarie platinum (II); NT A, nitrilotriacetic acid; PC, phosphatidylcholine; PEG-DSPE, pegylated distearoylphosphatidyl- 
ethanolamine; PS, phosphatidylserine; RES, reticuloendothelial system; SUV, small unilamellar vesicles. 



The physical characteristic relates to whether the lipid 
membrane has been modified (so-called pure lipid 
(conventional)/ and surface-altered (sterically stabilized) 
liposomes): idealized representations of the structures of 
conventional (ULV i and MLV) and sterically stabilized 
liposomes are shpwn Ui Figures 1,2 and 3, respectively. The 
physipibgidal: division describes the relative extent of up- 
take of the liposomes by the RES (so-cafled RES-targeteri 
and; R)E$-avoidihg Uposorhes). TTie; basic premise biehind 
thei us^ of RES^targeted liposomes is^ ah attempt to deliver 
drugs with therapeutic efficacy against lesioris ; in the RES 
(e f g. ftm^al Htfecti^ 1994; & Denning 

19^5Vkussb ; et ai 1996 ; I^eitic» et al 1997), qr to use the 
; hpOspme; as a form of slpw-release vehicle ftoip which the 
a^gigr^uaUy^aksm^ rirculatiqn (Gokha3e 

et-jjal 1996):- In, cpnjtrasti RES-avoidrng Upipsomes ie 
:cte^^i&:jto|be a^vered to tneir targdt tissue (ttoour) and 
deliyefji thefr cbntetit^ directly at tie: site pf ^therapeutic^ 
acti^. Fbr th^ wewili focus oh 

thb jfund)afeientai- difference between conventional arid steri- 



cally stabilized liposomes with a view to pointing out their 
individual merits and disadvantages. 

Pre-clinical and clinical studies 

The literature is replete with reports of the preclinical and, 
to a lesser extent, the clinical evaluation of a diverse range 
of liposomal agents. In this review, we will concentrate on 
those agents that have undergone more than just cursory 
clinical evaluation. In the interests of clarity, the data from 
biodistributiph and pharmacokinetic studies will be con- 
sidered separately from those derived from therapeutic 
studies. 

Pre-clinical bi distributi n and pharmac kinetic 
studies 

Conventional liposomes 

Table. 1 presents a summary of the published pre-clinical 
studies on the biodistribution. and pharmacokinetics of 
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Table 2 Summary of pre-clmical biodistribution and pharmacokinetic studies using sterically stabilized liposomes in animal models. 



Liposomes 



Tracers 



Turn our models 



Comments 



Reference 



PC/CHol/HPI 
PC/Chol/GMl 



HPC/Chol/HPI 
PG/PC/Chol 



PG/PC/Chol 

PG/DSPG/Chol 

DPPG/DSPC/Chol 

DSPC/Chol/HPI 

t)SPC/Ghol/GJ41 



HPI/HPC/Chol 
PG/PC/Chol 



CT Ga-deferoxamine J-6456 (lymphoma) 



Doxorubicin 



None 



67 Ga-deferoxamine B16 (melanoma) 
m iri-ble6mycin J-6456 (lymphoma) 
LS174T (colon) 



Doxorubicin 
Epirubicin 



J-6456 (lymphoma) 



DSPC/ChoI 

DSPC/Chol/GMl 

DSPC/ChoI/PEG-PE 



EggPC/Chol/GMl 

Egg PC/Chbl/MPEG-DSPE 



CT Ga-deferoxamine C-26 (colon) 



Colloidal gold 
Rhodamine B 



C-26 (colon) 



Egg PC/Chol/MPEG-DSPE Colloidal gold KS-like lesions 



Optimal tumour targeting was 
seen with 100-nm liposomes 
containing a neutral 
phospholipid and a negatively 
charged glycolipid (HPI or 
GMl).Blood (60-fold) and 
tumour (25-fold) levels were 
increased and RES levels were 
decreased (4-fold) 

Clearance of doxorubicin was 
significantly slower for HPI- 
containing liposomes 
compared with conventional 
liposomes. Both liposomal 
formulations were associated 
with significantly reduced 
cardiac drug deposition 

Optimal tumour localization 
was seen for liposomes 
composed of HPI/PC/Chol 
or GMl/PC/Chol. Tumour 
uptake values exceeded 10% 
ID g" 1 at 24 h. RadiolabeUed 
bleomycin demonstrated a 20- 
to 40-fold increase in uptake 
for liposomal agent at 24 h 

There was significantly 
increased tumour uptake of 
drugs in HPI-containing 
liposomes, but not 
conventional PG-containing 
liposomes. In malignant 
ascites, 10% of the 
administered drug was 
recovered after intravenous 
HPI-containing liposomes 

The AUC in tumour tissue was 
increased 2- to 3-fold and the 
AUC in the RES was 
decreased 2-fold for pegylated 
compared with conventional 



Electron microscopy 
demonstrated deposition of 
gold-containing liposomes in 
perivascular space in tumours. 
Colloid gold particles were 
seen in Kuppfer cells, but not 
within liver parenchyma or 
tumour cells 

Extravasation and transcytosis 
of liposomes were significantly 
increased in KS-like derma] 
lesions compared with 
adjacent normal skin of 
transgenic mice bearing the 
human immunodeficiency 
virus tat gene 



Gabizbn & 

Papahadjopoulos (1988) 



Gabizon etal (1989) 



Gabizonetal (1990) 



Gabizon (1992) 



Huang et al (1992a) 



Huang etal (1992b) 



Huang et al (1993) 
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Table 2 (com). 



liposome 



Tracers 



Tumour models 



Comments 



Reference 



HSPC/Chol/MPEG-DSPE Doxorubicin 



HSPC/Chol/MPEG-DSPE Doxorubicin 



PC-3 (prostate) 



MFH (sarcoma) 



HSPC/Chol/MPEG-DSPE Doxorubicin 

Texas Red 



AsPC-1 (pancreas) 



HSPC/Chol/MPEG-DSPE Cisplatin 



C-26 (colon) 
Lewis lung tumour 



HSPC/Chol/MPEG-DSPE 1 n In-DTPA 



KB (head and neck) 



HSPC/Chol/MPEG-DSPE '"In-DTPA 



KB (head and neck) 



Microfluorometry 
demonstrated 25-fold increase 
in the tumour AUC with 
liposomal compared with 
unencapsulated drug 
Increased drug deposition was 
seen in tumour compared with 
adjacent normal brain tissue 
with liposomal drug, but not 
unencapsulated drug. Peak 
tumour deposition of 
doxorubicin was 14-fold 
greater with the liposomal 
drug 

Microfluorometry 
demonstrated a 6- to 16-fold 
increase in tumour AUC for 
liposomal compared with 
unencapsulated drug. 
Diffusion of drug from 
perivascular liposomes to 
nuclei of stromal and tumour 
cells was demonstrated 

The tumour AUC was 28-fold 
higher for liposomal 
compared with 
unencapsulated cisplatin. 
There was a 4-fold reduction 
in renal drug deposition with 
the liposomal agent 

There was prolonged 
circulation of the radiotracer 
in liposomes compared with 
the unencapsulated agent with 
an approximately 1 0-fold 
increase in circulation half- 
life. Maximum tumour uptake 
was seen at 24 h (5.5±3.0% 
ID g _I ) and 5 min (1 .0±0.2% 
ID g" 1 ) for encapsulated and 
unencapsulated radiolabel, 
respectively 

There was an inverse 
correlation between uptake of 
radiolabeled liposomes and 
tumour size with significant . 
reduction of liposome uptake 
in areas of tumour necrosis 



Vaageet al 1994 



Siegal et al (1995) 



Vaage etal 1997 



Newman et al (1999) 



Harrington et al (2000a) 



Harrington et al (2000b) 



AUC, area under the curve; Choi, cholesterol; DSPC, distearoyl phosphatidylcholine; GM1, monoganglioside; HPC, hydrogenated 
phosphatidylcholine; HPI, hydrogenated phosphatidyiinbsitine; HSPC, hydrogenated soy phosphatidylcholine; ID, injected dose; KS, 
Kaposi's sarcoma ; MPEG-DSPE, pegylated distearoyl phosphatidylethanplamine; PC, phosphatidylcholine; PEG-PE, pegylated phospha- 
tidylethanolamme; PG, phosphatidylglycerol; RES, reticuloendothelial system. 



those conventional liposomes that have reached clinical 
trials. The earliest studies sought ; to = define SULV 
formulations that reduced normal tissue drug deposition 
but retained equivalent ajititumbur activity, to the unen- 



capsulated drug (Gabizon etal 1982); Subsequent studies 
wept one step further and generated liposomes with both 
favourable patterns of normal ; tissue distribution, and. 
: improved tumour targeting (Gabizon et al. 1983 ; ProflBtt et 
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al 1983), One such neutral SULV composed of a 2: 1 ratio 
of distearoyl phosphatidylcholine (f)SPC) and cholesterol 
has been extensively evaluated because of its high level of 
tumour targeting and modest levels of RES uptake (Forssen 
et al 1992, 1996). Asystematic evaluation of SULV formu- 
lations composed of phospholipid and cholesterol has 
shown that DSPC in a ratio of 1:1 or 2:1 relative to 
cholesterol is optimal (Ogihara-Umeda et al 1996). As a 
consequence of these studies, a DSPC/cholesterol lipo- 
somal preparation : of daunorubicin has entered clinical 
studies as DaunoXome (see below). An alternative for- 
mulation composed of egg phosphatidylcholine (PC) and 
cholesterol (ratio 1.2:1) has also been shown to deliver 
anthracyciihes effectively to sohd and intraperitoneal tu- 
mour xenografts (Harasym et al 1997). This formulation 
has been taken in to clinical studies as TLC D-99 (see 
below). In addition to studies with anthracyclines, DSPC/ 
cholesterol liposomes containing vincristine have been de- 
veloped through pre-clinical studies. Liposome-encapsul- 
ated vincristine has been shown to be more active and less 
toxic than the unencapsulated agent in a number of murine 
models (Mayer et al 1990; Boman et al 1994; Webb et al 
1995). The end result of these studies has been the de- 
velopment 6f apSPC/cholesterol liposome formulation of 
vincristine (CtfTCO-TCS) that has entered phase I trials 
(see below). 

In contract to liposomal anthracycline and vinca alkaloid 
preparations, the development of conventional liposomal 
platins has jinvolved the use of MLV rather than SULV. 
MLV composed of dimyristoyl phosphatidylcholine 
(DMPC) and dimyristoyl phosphatidylglycerol (DMPG) 
(ratio 7:3) containing the lipophilic platin oy-bis-neode- 
canoatp trarts-R t R-l,2 diaminocyclohexane platinum (II) 
(NDDP)have been shown to yield equivalent or increiased 
tumours levels compared with unencapsulated cisplatin 
after intravenous administration (Khokhar et al 1988). In 
addition, th|s agent appeared to have particularly attractivei 
pharmacokinetics after intraperitoneal injection (Vadiei et 
al 1992), which has promoted its use as an intracavitary 
agent in patients with malignant effusions in early clinical 
trials (see below). 

Sterically stabilized liposomes 

A summary of the published pre-clinical data on the 
biodistribution and pharmacokinetics of sterically stabi- 
s lized liposomes is presented in Table 2. As has been detailed 
above, sterically stabilized liposomes evolved from studies 
in which various components were added to the membrane 
and their effect on in-yivo longevity was assessed (Gabizon 
& Pap^adjopoulos 1988 ; Allen & Hansen 1991 ; Klibanov 
et al 1990 ; PapahMjop|buips: et al 1991). Of the three agents, 
GM1, HPI and MPE0j only the latter has giybn rise to a 
family of liposomal aj^nts that have entered clinical usage. 
Klibanov et al (1990)1 ^erb the first to show that incor- 
poration of PEG^iijxjigited phosphatidyleth^olamine 
(PEG-PE) into LULVjC0ia^osed of egg PC and cholesterol • 
(ratio 1 : 1) increased tlje blood circulation half-life by more 
. than 10-fbld compare^ with unpegylated liposomes (t,/ 2 = 
5 h vs < 30 min). Subsequently, a number of studies have 



confirmed these data and have demonstrated the ability of 
liposomes to accumulate in tumour tissues in rodent models 
(Huang etal 1992a, b, 1S>93 ; Vaage et al 1994,; 1997 ; Siegal 
et al 1995 ; Newman et al 1999 ; Harrington et al 2000a, b). 
Studies using intravenous injections of gold particles en- 
trapped in egg PC/cholesterol liposomes containing GM1 
or a PEG-PE derivative have shed light on the micro- 
biodistribution of these agents. On electron microscopy, 
intracytoplasmic colloidal . gold was observed in hepatic 
Kuppfer cells and bone marrow macrophages, confirming 
the role of these cellis in clearing circulating liposomes. In 
xenograft solid tumours and Kaposi's sarcoma (KS>like 
dermal lesibns in transgenic mice, gold particles were seen 
in blood vessels and in a perivascular cuff beyond the 
endothelium (Huang et al 1992b, 1993). There wis no sign 
of colloidal gold in tie cytoplasm of tumour cells, suggest- 
ing that, for pegylated liposomes^ endpcytosis by tumbur 
cells does not occur to a significant extent (Huang et al 
1992b). Uptake was more pronounced in the KS-like 
lesions than in the adjacent normal skin (Huangjet al 1993). 
More recently, the hpbsomal formulation has b^n adjusted 
to contain hydrogehated soy PC and ;microflU6r6metric 
studies have provided elegant data that show f>egylated 
liposomes accumulating in; the extracellular space of tu- 
mours, where they release their contents; whichare subse- 
quently distributed: throughout the tumour (Vaage et al 
1994, 1997).; Ishick ^t al (1999) ^ve demo^trated in- 
terstitial perin'eation by sterically stabilised Up^|mes; the 
vast majority of which were It aken up by! tmour|lassociated 
macrophages. A recent study h^;deten^^|t|ie detailed 
biodistribution and pharmacokinetics [ • of •. raeiiplabelied 
liposomes injtumpur and a tange of horinal tissues in mice 
(Harrington et al 2000a). As a direct 'consequence: of these 
studies, pegylated liposomes incorporating methbxypbly- 
ethylene glycpl-deriyatized di^tearpyliphpsphatilyletiiaino- 
lamine (MPEG-DSP^) have been developed foir clinical 
use with doxorubicin (Caelyx/Doxil) alnd tispj^in (SEI- 
077), and another formulation containing vMicKstine ;is 
under development (Allen et al 1995). 



Pre-clinical therapeutic studies 

Conventional liposomes 

The main emphasis of development of conventional lipo- 
somal agents was initially directed towards the anthra- 
cyclines (Tabfe 3). The reasons for this selection are easy to 
appreciate: (i) they are relatively easy to. formulate in 
liposomes; (ii) they exhibit a broad range of antitumour 
activity ; and i(iii) they cause a relatively predictable dose- 
limiting cardiotoxicity, which provides a powerful model 
for studying the effect of liposomal encapsulation on the 
toxicity profile of driugs. This choice, appears to have bderi 
rather , fortunate smck these agents have demonstrated 
efficacy in therapeutic; models,! whereas other classes .of 
chemotherap^utic drugs have been less successfully de- 
veloped. Thej earliest studies demonstrated the 'ability^ of 
liposomes attaining doxorubicin; to reduce cardi&c drug 
localization ^ithput reducing the antitumour efficacy ?pf 
the entrapped argent (Rahman et al 1980; Gabizon et al 
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Table 3 Summary of pre-clinical therapeutic studies of conventional liposomal anthracyclines in animal models. 



Liposomes 



Agent Tumour models 



Outcome . 



Reference 



PS/PC/Chol 
SA/PC/Chol 



PS/PC/Chol 

PC/Choi 

DPG/PC/Chol 



PS/PC/Chol 



PS/PC/Chol 
SA/PC/Chol 



PS/PC/Chol 
PG/PC/Chol 

PG/PC/Chol 



PG/PC/Chol/Toc 



DSPC/Chol 



DOX Lewis lung cancer 

P388 ascitic leukaemia 



DOX J-6456 (lymphoma) 



DOX Lewis lung cancer 
Mouse sarcoma 180 



DOX IgM iminunocytoma 



DOX J-6456 (lymphoma) 



DOX None 



DOX CT38LD (colon) 
CT26 (colon) 



DNR P-l 798 Oymphosarcoma) 
MA 16C (breast) 



A comparison was performed between 
positively and negatively charged 
liposomes. Positively charged 
(SA/PC/Chol) liposomes had 
equivalent therapeutic activity, but 
reduced cardiotoxicity, compared with 
unencapsulated drug 

There was significantly increased survival 
for animals treated with PS/PC/Chol 
liposomal doxorubicin compared with 
the unencapsulated drug. Survival after 
PC/Choi and DPG/PC/Chol liposomal 
doxorubicin was equivalent to that seen 
with the unencapsulated drug 

In comparison with unencapsulated 
doxorubicin, liposomal doxorubicin was 
significantly more effective against Lewis 
lung cancer and had equivalent activity 
against mouse sarcoma 180 

Negatively charged (PS/PC/Chol) 
liposomes had equivalent activity and 
decreased cardiotoxicity compared with 
unencapsulated doxorubicin. Positively 
charged (SA/PC/Chol) liposomes had 
reduced therapeutic effect 

There was significantly increased survival 
with liposomal compared with 
unencapsulated drug 

The rate of drug-related deaths in mice 
treated with liposomal compared with 
unencapsulated doxorubicin was 
significantly reduced. There was reduced 
cardiac, renal, hepatic and biochemical 
(hyperlipidaemia, hypoglycaemia) 
toxicity with liposomal doxorubicin 

The CT38LD cell line was more sensitive 
than CT26 to doxorubicin in-vitro. 
Liposomal doxorubicin was significantly 
more active than the unencapsulated 
agent when administered according to a 
protracted dose schedule against 
CT38LD and CT26 tumours in-vivo 

Liposomal DNR was more active than 
the unencapsulated agent against both 

P-1798 and MA16C models. At the 
MTD, there were 100% cures for 

liposomal DNR compared with 40% 

for unencapsulated DNR against 

MA16C. In the P-1798 model, the 

liposomal agent was only more effective 

than the unencapsulated drug at lower 

doses 



Rahman etal 1980 



Gabizon et al (1982) 



Forssen et al 1983 



van Hoesel etal(1984) 



Gabizon et al (1985) 
Gabizon etal (1986) 



Maytiew etal (1987) 



Forssen etal (1992) 



'Choi, cholesterol; DNR, daunorubicin; DOX, doxorubicin; DPG, diphosphatidylglycerol; DSPC, distearoyl phosphatidylcholine; MTD, 
maximum tolerated dose; PC, phosphatidylcholine; PG, phosphatiiylglyoerol; PS, phosphatidylserine; SA, stearyiamine; Toe, a-tocopherol! 



1:982 ; van Hoesel et al 1984). Further studies identified delivery within tumour cells. This effect was achieved at the 
liposomal preparations that enhanced the therapeutic effect same time as reducing treatment-related toxicity (Forssen 
relative to the unencapsulated agent by increasing drug & Tokes 1983; Gabizon etal 1985; Mayhew et al 1987). 
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Table 4 , Summary of pre-clinical therapeutic studies of conventional liposomal platinum analogues in animal models. 



Liposomes 



. Agents 



Tumour models 



Outcome 



Reference 



DN1PC/DMPG 
(L-NDDP) 



NDDP 
CDDP 



L1210 (leukaemia) 
M5076 (reticulosarcoma) 



PS/PC/Chol 

(L-CDDP1) 
DPPC/DPPG/Chol 

(L-GDDP2) 



CDDP 



IgM immunocytoma 



DMPC/DMPG 
(L-NDDP) 



NDDP 



L 1 2 1 0 (leukaemia) 

L 1 2 1 0/PDD (leukaemia) 

M5076 (reticulosarcoma) 



DMPC/DMPG NPDP 
(L-NPDP, L-NDDP, NDDP 
L-DEDP) DEDP 



L1210 (leukaemia) 
M5076 (reticulosarcoma) 
Bl 6 (melanoma) 



L-NDDP was more active than 
unencapsulated NDDP or 
CDDP administered by the 
intraperitoneal route against 
intraperitoneal LI 210 tumours. 
L-NDDP administered by the 
intraperitoneal route retained its 
activity against platin-resistant 
intraperitoneal L1210 tumours. 
L-NDDP was more active than 
unencapsulated CDDP when 
administered intravenously 
against the M5076 liver 
metastasis model 
Both L 7 CDDP1 and L-CDDP2 
were less effective than 
unencapsulated CDDP. 
Increased platinum levels were 
documented in renal tissue with 
L-CDDP1, but this was 
associated with less 
nephrotoxicity than 
unencapsulated CDDP 
L-NDDp was more active than 
unencapsulated NDDP or 
CDDFin-vitro. L-NDDP was 
more active than unencapsulated 
NDDP administered by the : 
intraperitoneal route against 
intraperitoneal L1210 and [ 
L1210/PDD tumours in-vivo. L- 
NDDP was more active than 
unencapsulated NDDP 
administered by the intravenous 
route against M5076 liver 
metastases in-vivo 
L-NPDP, L-NDDP and L-DEDP 
had equivalent activity to 
unencapsulated CDDP as single 
injections by the intraperitoneal 
route against intraperitoneal 
L1210 tumours. L-NPDP, L- 
NDDP and L-DEDP were more 
active than unencapsulated 
CDDP as multiple 
intraperitoneal injections against 
intraperitoneal LI 210 tumours. 
Only intravenous L-NDDP 
demonstrated any activity 
against intravenously 
administered L1210 tumours. L- 
NDDP and L-DEDP i were more 
effective than unencapsulated 
CDDP against liver metastases 
of M5076. L-NPDP, L-NDDP 
and L-DEDP demonstrated 
activity against intraperitoneal 
implanted B 1 6 tumours 



Perez-Soleret al (1987) 



Steerenberg et al (1988) 



Perez-Soler et al (1988) 



Khokharetal(1989) 
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Table 4 (cont). 



Liposome 


Agents 


Tumburmodels 


Comments 


Reference 


PC/PS/Chol 


CDDP 


LI 210 (leukaemia) 


There was no difference between 


Gondal et al (1993) 


(L-CDDP) 




NIH OVCAR (ovary) 


unencapsulated CDDP and L- 
CDDP in terms of in-vitro * 
cytotoxicity or in-vivo activity 
after intravenous injection. 
Significantly increased 
antitumour activity was 
demonstrated for L-CDDP 
compared with unencapsulated 
CDDP after intraperitoneal 
injection in-vivo. L-CDDP 
caused a significantly lower rate 
of fatal toxicity than 
unencapsulated CDDP in-vivo 



CDDP, ciy-dichlorodiamipine platinum (II); Choi, cholesterol; DEDP, ciy-bis-n-decanoato trans-R,R-\,2 diaminocyclohexanepiatinum (II); 
DM?C, ;dimyrist6yl phosphaUdylchoIine; DMPG, dimyristoyl phosphatidylglycerol; DPPC, dipalmitoyl phosphatidylcholine; DPPG, 
dipalmitoyl phosphatidylglycerol; NDDP* ciy-bis-neodecanoato trans^R-1,2 diamihocyclohexane platinum (II); NPDP, cis-bis-neopen- 
tanoato iran^R.R-l ;2; diamihocyclohexane platinum (H) ; PC, phosphatidylcholine; PS, phosphatidylserine. 



liposomes composed of DMPC and DMPG (in a 7:3 
molar ratio) have been shown to exhibit activity against 
tumour models in-vivo. NDDP appears to be most prom- 
ising, with either equivalent or superior antitumour activity 
to cisplatin, but significantly reduced nephrotoxicity. This 
agent has entered clinicail studies as both an intravenous 
and intraperitoneal/intrapleural therapeutic agent. 

Sterically stabilized liposomes 

As with the conventional liposomes, most of the published 
data on die therapeutic efficacy of sterically stabilized 
liposomal agents deal with anthracyclines (Table 5). The 
formulation that has become Caelyx/Doxil has been shown 
to exert significant activity 1 against a broad range of syn- 
geneic and xenograft tumours in rodent models. In general, 
these effects have been shown to exceed those of comparable 
conventional liposomal \ fonriulations, with appreciable 
amelioration of treatment-related toxicity (Gabizoh 1992 ; 
Huang etal 1992a; Vaag6 et a) 1992, 1993a, b, 1994, 1995, 
1997 ; Williams et al 1993; Siegal et al 1995 ; Cabanes et al 
1998b ; Harrington et al 2000c). 

In addition, the therapeutip 'efficacy of a number of non- 
anthracycline compounds encapsulated in sterically. stabil- 
ized liposomes; has been ;:assessed (Table 6). Studies have 
been performed with vfocristinfe (Allen et al 1995 ; Vaage et 
al (993a), mitdxantrone (Chaig et al 19>97) and platinum 
analogues (Mori et al 1996 ; Colbern et al 1999 ; Newman et 
al fe9S|; Vaa£b; et al, 190?; Ha^gton et al 2000c). In the 
caisje of iyincristine kpd mitox^^one; hppsonial encapsula- 
tion was shown; to sighnTcantljy intrbase ; their 'antitumour 
ai^^ty,;' whiie^fbrj vi^ rediitinjg lie toxicity of 

tre^tmept. As yet, neither" of ^se^agerit^has been 'further 
dey^lopfcd to^irds clinical trials. Th^j activity of pegyiatdd 
lipbtonife encapsulated cisplatin (8^1-077) =has also been 



For examples, in these studies,;t<jxic death, cardiomyopathy, 
renal, hepatic and biwhemical (hyperlipidaemias and 
hjpogj^aenua) toxicities were appreciable for the unen- 
capsulated drug but negligible for liposomal doxorubicin. 
Data such; as these provided the background for the de- 
velopment of : JPC/chbiesterol liposomes containing 
doxorubicin ; (TLC-D99) for clinical study. The activity 
of daunorubicin ; in a hposibme. composed of DSPC/ 
cholesterd has also been reported (Forssen et al 1992; 
Forssen & Rjbss ^ 1994).! Tihis^^t has shown to yield 
superior response rates to those seen with the: unencap- 
sulated ; agent and is undergoing clinical evaluation as 
DauhoXbme. 

Two isisues have dofihinateii the pre-clinical therapeutic 
as^smeht of epriveritipnal; ; liposomal platinum com- 
pounds:: (i) the heed to| redude the systemic toxicity of the 
av^ab||e:pi^sX^ cajr^oplatin);;arid (h) the desire 
to ie|ica^iib|e hovel Hpophilic platinum analogues that 
cannot ^Jbnnulated in-jthe aiqueous phase (Table 4). As 
reg^^^ejfire^ 

h^wjbe{en!s^ and to 

hay| higher; fcaximuni^ doses than theiunencap- 
sulati^^^ri i allhpu^; tjiis j^ffect may be achieved at the 
exr#^[&i&^ et al 1988; 

Gop^^t|4i^993f): jA? for t^&xond issue, in recent years, 
the: 4^|l#ment: of n&yel Jpdphilic platinum analogues 
has :^p^ce^ti{afcd jl on ] ei^iijinatipti . of various NDDP 
comple^s|;j$^ 198$; Khokhar et al 

1989^ Tto ^^-- !j *- ;, - l: ' j!il - i ' " : - j = 

the 



le£the^;c^ rapid <^g leakage from 

bijlfe iaf^ jac^iinistfation may -not be keen as a 
maj^prp^ m: ^ bfldase of drug 

a<^i|^l^tici p. ;M|eed^the ujskof^ppsor^ 
effer^ja pp^jitiai itqe^ bther agents such 

asltaxan 1 ^ fyjf^tlr formulate (C&banes et ai 

19984). Ai njimibeih jof (hpbpnilic iplatins ' encapsulated : in 
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Table 5 Summaiy of pre-cliriical therapeutic studies of sterically stabilized liposomal arithracyclines in animal models. 



Liposomes 



Agents Tumour models 



Comments 



Reference 



HPC/Chol/HPI 
(PL-DOX, PL-EPI) 

PC/PG/Chol 
(L-DOX, L-EPI) 



PC/PG/Chol/BHT 
(L-DOX) 

HSPC/Chol/PEG-DSPE/Toc 
(PL-DOX) 



DOX J-6456(lymphoma) 
EPI 



DOX MCI 9/MC65/MC2A/ 
MC2B (breast) 



HSPC/Chol (I^DOX, L-EPI) 
HSPC/Chol/PEG-DSPE/Toc 

(f L-DOX, PL-EPI) 
PC/PG/Chol/Toc (L-EPI) 
HSPC/Chol/PEG-DSPE/Toc 

(PL-EPI) 

HSPC/Chol/PEG-DSPE 
(PL-DOX) 

HSPC/Chol/PEG-DSPE 
(PL-DOX) 



DOX C-26 (colon) 
EPI 

EPI C26(colon) 



DOX MC2 (breast) 



DOX HEY (ovary) 



PC/PG/Chol/Toc (L-DOX) 
HSPC/Chol/PEG-DSPE/Toc 
(PL-DOX) 

HSPC/Chol/PEG-DSPE 
(PL-DOX) 

HSPC/Chol/PEG-DSPE 
(PL-DOX) 



HSPC/Chol/PEG-DSPE 
(PL-DOX) 



HSPC/Chol/PEG-DSPE 
(PL-DOX) 



DOX TL-1 (lung) 



DOX PC-3. (prostate) 



DOX Malignant fibrous 

histiocytoma (sarcoma) 



DOX C3H/He mammary cancer 
(breast) 



DOX AsPC-1 (pancreas) 



PL-DOX was significantly 
more effective than L-DOX 
or unencapsulatedDOX. 
L-DOX, in turn, was 
significantly more effective 
than unencapsulated DOX 

Therapy was associated with 
reduced metastasis from 
intramammary tumour 
implants and increased 
cure rate of subcutaneous 
implants. PL-DOX was 
significantly better than L- 
DOX or unencapsulated 
DOX 

PL-DOX and PL-EPI were 
significantly more effective 
than L-DOX or L-EPI 

PL-EPI was significantly 
more active than either L- 
EPI or unencajpsuiated EPI 

PL-DOX was significantly 
more effective than 
unencapsulated DOX 

PL-DOX was significantly 
more effective than 
unencapsulated DOX by 
both intravenous and 
intraperitoneal routes. 
There was a significant 
reduction in toxicity 
associated with the 
intraperitoneal route for 
PL-DOX 

PL-DOX was significantly 
more active than either L- 
DOX or unencapsulated 
DOX 

PL-DOX was significantly 
more active than 
unencapsulated DOX 

Treatment with PL-DOX 
significantly increased the 
lifespan of animals 
compared with 
unencapsulatedDOX 

PL-DOX significantly 
reduced pulmonary 
metastases and increased 
survival compared with 
placebo 

PL-DOX was significantly 
more active than 
unencapsulated DOX 



Gabizon (1992) 



Vaage et al (1992) 



Huang etal (1992a) 
Mayhewet al (1992) 
Vaage et al (1993a) 
Vaage etal (1993b) 



Williams etal (1993) 

Vaage et al (1994) 
Siegaletal (1995) 

Vaage et al (1995) 

Vaage et al (1997) 
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TableS (conf). 



Liposomes 



Agents Tumour models 



Comments 



Reference 



HSPC/Chol/PEG-DSPE 
(PL-DOX) 



DOX J645 6 (ascitic lymphoma) 



HSPC/Chol/PEG-DSPE 
(PL-DOX) 



DOX 



KB (head and neck cancer) 



PL-DOX significantly more 
active than unencapsulated 
DOX. For PL-DOX, the 
intravenous route was 
more active than the 
intraperitoneal route. In 
contrast, for DOX, the 
intraperitoneal route was 
more active than the 
intravenous route 

Unencapsulated DOX was 
significantly more active 
than PL-DOX in-vitro 
(IC50 12-fold lower for 
unencapsulated DOX). PL- 
DOX was significantly 
more active and better 
tolerated than 
unencapsulated DOX in- 



Cabanes et al (1998b) 



Harrington et al (2000c) 



DOX, doxoi^iciri; EPI, epirubiciri; PC; phosphatidylcholine; ?G, phosphatidylglycerol; Choi, cholesterol; BHTi butylated hydroxytoluene; 
HSPC, hydrogenated soy phosphatidylcholine; PEG-DSPE, PEG-derivatized distearoyl phosphatidylethanolamine; Toe, a-tocopherol; 
PEG-DPPE, PEG^erivatoddipalmitoyi phosphatidylethanolaniine; IC50, drug concentration that caused 50% cell survival. 



reported in a number of studies. This agent Has been shown 
to be more: active than unencapsulated dsplatii, with a 
gpeatly reduefcej toxicity profile (Colbern et al 1999; New- 
man etal 1999; V^ge^ al 1999 ; Harrington et al 2000c)! 
However, the degree of enhancement of activity of the 
parent cornpbi^4 : aprjeared to be less than that : reported 
for pegyldted lifwsomaJ doxorubicin (Harrington et al 
2000c). 



Clinical biodistribution and pharmacokinetic 
studies 

Conventional liposomes . 

There have been a limited number- of clinical biodistribution 
arid pharmacokinetic studies in liposomes that have entered 
clinical practice and they are summarized in Table 7. 
Imaging studies using radiolabelled liposomes composed 
of DSPC and: cholesterol; have confirmed the ability of this 
formulation to target : a range of solid arid haematological 
tumours (Ptesant et al. 1988, 1990; Turner et al 1988; 
Gabizon et al 1991 ;; Rubo etal 1993 ; Khalifa et al 199^7). 
Kubo et al (1993) injected in .in-riitrilotriacetic add (NTA> 
Iabelled hposomes cpniairiing 37 MBq of radioactivity 
into seven pitiehfe; 'with breast i(n = 2), colonic (n = 2), 
liing (ri = 1) ^d-pros^fc ekri = 1), : and lymphoma 
(n -==: 1). Phahriac6k^^tic ; arialysis revealed 23 ±5% of ihe 
injected dose]per litfei of blood: (% ID L" 1 ) at 3 min, akid 
8.9 ±7.5% IE>:L~ l at 4|h. Positive tumour: images were 
obtained in four patients =(1/^2 breiast, 2/2 colonic* 0/1 lung, 
1/1 prostate ■ and 0/1 Jiymphoma). Prominent hepatic 



uptake was demonstrated with 32.6± 14.4% of the injected 
dose and 34;8±8.4% of the injected dose in that organ at 
4 and 48 h, respectively. Khalifa et al (1997) have? reported 
the ability of identical ni in-NTA-labelled liposomes to 
localize to recurrent high-grade gliomas in eight: patients. 
The tumours were seen clearly in seven of the eight 
patients. The total uptake of the radiolabelled liposomes in 
the brain was estimated at approximately 1.1%, with a 
maximum tumour to normal tissue ratio of 1.4: 1 Signifi- 
cant, hepatic uptake was observed at up to 50% of the 
injected dose. 

Sterically stabilized liposomes 

The only sterically stabilized liposomes that have 
undergone clinical evaluation are those that contain 
MPEG-derivatized lipids in their membranes. Therefore, 
this discussion of localization studies of sterically stabilized 
liposomes will be restricted to studies in which pegylated 
liposomes have been used. Gabizon et al (1994) assessed 
th$ pharmacokinetics of doxorubicin in seven patients after 
injections of equivalent doses of imencapsulateil and/or 
pegylated liposomal drug, arid.m a fiirther nine patients 
aifter administration of the lipbsdmal = drug alone. P&srria 
elimination of pegylated liposomal doxorubicin was shown 
to fbllpw a biexpbriential curve .With median t,/^ andt^ 
of : 2 and 45 h, respectively. AJniost 100 % of . the ! drug 
detejttejd in the plasma was in the liposomal form. Thie 
pl^^a'cleararice of pejgylated hposorrial ^oxb^biciri was 
sigj^cantly lower ^than for thb unencapsulated agent 
(Q.liLh" 1 vs 45 Ljh" 1 ), as wasi the voltiine of distribution 
(4 L vs ; 254 L). The drug levels achieved in maligiiant 
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Table 6 Summary of pre-clinical therapeutic studies of non-anthracycline drugs encapsulated in sterically stabilized liposomes. 



Liposomes 



Agents Tumour models 



Outcome 



Reference 



HSPC/Chol/MPEG-DSPE 
(PL-VCR and PL-DOX) 



VCR 
DOX 



MG2 (breast) 



PC/Choi 
rc/Chbl/GMl 
PC/Chol/PEG-PE 
DMPG/DMPC 



NDDP RIF-1 (sarcoma) 



DSPC/Chol (L-MITO) 
DSPC/Chbl/PEG-DPPE 
(PL-MITO) 



MITO intravenous L1210 
(leukaemia) 



HSPC/Chol/MPEG-DSPE 
(PL-CDDP) 

HSPC/Chol/MPEG-DSPE 
(PL-CDDP) 



CDD? HT29 (colon) 



CDDP Lewis lung tumour 
C26 (colon) 



HSPC/Chol/MPEG-DSPE 
(PL-CDDP) 



CDDP BT47.4 (breast) 

MDA453 (breast); 



PL-VCR wa9 more effective 
than unencapsulated VCR. 
Combination therapy of 
PL-VCR and PL-DOX 
given simultaneously .was 
less effective than either 
agent given as a single 
dose. Combination therapy 
of PL-VCR and PL-DOX 
given according to an 
alternating schedule was 
more effective than single 
dose treatment with either 
agent 

PEG-PE liposomal NDDP 
exhibited significantly 
greater cytotoxicity in-vitro 
than GM1 liposomal 
NDDP. PEG-PE liposomal 
NDDP was significantly 
more effective in-vivo than 
PC/Choi, DMPC/DMPG 
and GM1 -liposomal 
NDDP 

L-MITO and PL-MITO 
were significantly less toxic 
than unencapsulated 
MITO. L-MITO was as 
active as PL-MITO and 
each was more effective 
than unencapsulated 
MITO only at highest dose 
level 

PL-CDDP was significantly 
more effective than 
unencapsulated CDDP 

PL-CDDP was significantly 
more effective than 
unencapsulated CDDP. 
Equivalent levels of 
tumour control were 
achieved with a 50% dose 
reduction of PL-CDDP 

Unencapsulated CDDP and 
PL-CDDP were both 
effective as single agents 
against xenograft tumours. 
At tolerable dose levels, 
PL-CDDP was superior to 
unencapsulated CDDP. 
Both agents enhanced the 
activity of a humanized 
monoclonal antibody 
directed against HER2 
(Herceptin) 



Vaageet al (1993a) 



Mori etal(1996) 



Chang etal (1997) 



Vaage et al (1999) 
Newman et al (1999) 



Colbern et al (1999) 
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Table 6 (cont). 



Agents Tumour models 



Comments 



Reference 



HSPC/Chol/MPEG-DSPE 
(PL-CDDP) 



CDDP KB (head and neck) 



Unencapsulated CDDP was 
significantly more active 
than PL-CDDP in-vitro 
(IC50 21-fold lower for 
CDDP). PL-CDDP 
displayed superior activity 
to unencapsulated CDDP 
in-vivo, but only at the 
intermediate dose level. 
Toxicity was significantly 
reduced for PI^DOX 



Harrington et al (2000c) 



CDDP, cw^licWorodiariimine platinum (II); Choi, cholesterol; DMPC, dimyristoyl phosphatidylcholine; DMPG, dimyristoyl phospha- 
tidylglycerol; DQX, doxorubicin; DSPC, distearoyl phosphatidylcholine; GM1, monosialoganglioside; HSPC, hydrogenated soy 
phpsphatidylchbline; MITO, mitoxahtrone; MPEG-DSPE, PEG-derivatized distearoyl phosphatidylethariolamine; NDDP, cw-bis- 
neodecanbato ^/w-ii^^^iaminocyclohexane platmum (II); PC, phosphatidylcholine; PEG-DPPE, PEG-derivatized dipalmitoyl 
phosphatidylethanolamine; VCR* vincristine.. 



effusions were assessed where possible. The liposomal agent 
demonstrated a 4- to 6-fold increase compared with the 
^encapsulated agent, peaking between 3 and 7 days after 
drug administration. Northfelt fet al (1996) confirmed the 
efficacy of pegylated liposomal; doxorubicin in targeting 
cutaneous ^ AIDSrrelat^/KJS in a study in which 18 patients 
were randomly allocated to | receive either pegylated 
liposomal doxorubicin or unehcapsulated doxorubicin. 
Representative:: lesions \ver6 biopsied 72 h after drug 
admiriistratipn. The doxorubicin level in the KS lesions 
was 5.2? to 1 1 .4-tirnes ; greater in those patients treated with 
the pegylated Hpbsorhal form of jthe drug. The detailed 
ph^rnkcokinetic revealed that the volume of distri- 
bution ; 6f doxorabitin /. varied ; from 2.2 to 4.4 L ;m~ 2 , 
demdnsti-ating that the drug was essentiaUy confined to 
the i circulation;: Th^i; clearance; ■of. jiegylated;'liikis6mal 
doxorubicin : was) 0.034-0. 108 Ln" 1 nr 2 and ine t,/ 2 a?and 
t*,/i/? weip; 3,8 an]d 41 ;3 ^ .respectively. In a!;study usinjg 
^^-Dll^-iarJe^ Ipe^ated^dspmes of the sine 
fbrmulatiohi^^ foriCady^/I>oxil,| Harrington et al 
(|2001a)ihav6i dembnst|ited iliearju^ty;6f these liposomes tb 
target lbb^y ^Vancfed solid tvimour^ mcludirig brfeast, 
luri^ head and nfcbk, anci cervical cancers. 



Clinical therapeutic studies 

Conventional liposomes 

Liposomal doxqriSicm (TLC D-99, Evacef). Liposomal 
doxorubicin (^CD-99 ; The Liposome Company, Prince- 
ton, Nevy Jersey, :tJ3A) consists of doxorubicin entrapped 
in: hppsorhes; composed of egg: PC and cholesterol (ratio 
;i .22 :; l ). TO subject of r3harmacokiietic= 

and :rjih^T, :II -and HI cnmcal : trials (Cowensfet al 1993 ; 
Erabfeei ^ al 1993 ; ^Batist et al 1998, 1999; Harris et al 
1998 nCheung et al :i999; : Shariirb. et al 1S>99 ; Valero et al; 
1999); THe phannacokinietics of TLC D-99 at .doses of 



60 mg m~ 2 and 75 mg m" 2 have been reported in 12 patients 
with non-small cell lung cancer, with no difference in the 
ti/ 2 a and t^ifi as compared with unencapsulated doxoru- 
bicin (Embree et al 1993). In a phase i clinical study, the 
drug was adrnkistered at single doses of 20-90 mgm*" 2 
eyery 3 weeks and as daUy doses for 3 days at doses of 20, 
25 and 30 mg m" 2 (Cowens et il 1993). Leukopenia was the 
dose^lirnitirig toxicity and set the maximum tolerated dose 
at a level of 90 mg m" 2 every i weeks or 25 mg nT 2 day" 1 
for 3 days. In contrast to unencapsulated doxorubicin, 
gastrointestinal and mucosal toxicity were minimal or 
absent at each dose level, and $ignificant cardiac, hepatic, 
reinal or other orgkh toxicities were not seen. TLC 0-99 has 
been ■administered to 40; patients with AIDS-related KS in 
the s&tmg of a random^ 

(19 patients) or 20 mg in" 2 (21 patients) every; 2 weeks. 
Partial responses occurred in bniy 15 % (6 of 40) of patients 
aiiLd a further -65% (2$ of 40) showed stable ; disease. 
Treatment response was; dose^related, With 5% (1 of 19) of 
patieits ib the low-dose cohort achieving a partial response 
in comparison with:'24°/j> (5 of 2;i ) of patients in the high- 
dose igroup. The major; toxicity: obsei^<i; was : ^(Mnato- 
logical, with neutropenia CK^tirring ini68i% an|[i8i% of 
patients in the low^ and higji-iipse : a)|iorts, respectively. 
Nonrhaerhatological to^edty; was mild and alopiecia de- 
veloped in only 8% of paiienits (Cheung et -al ,1099). 
Prelirninary findings of a^phas^ tk evaluation of t L<b D-99 
in patients with metastatic?' bjjeast |anber hkye been 
presented in abstract frjrm. A totals of 69 patifents were 
r^idomly allocated^ to £ither TLC £>^9 (75 rr^gim" 2 ) or 
unencapsulated do^ombicin^ysimg mj 2 ) every 5 Weeks, 
arid; achieyed responsie rakes of 33 % and]29% ^ respbctively: 
TJie liposomal formulation ;caused!less toxicity] nausea 
and Vomiting (10% r vs 2$%), stbma&isVmucoatisi (9% vs 
lt>% )|an4 fWer/inf&tioi (6% vs; \Wo)pfs^m 'cj;il 1998). 
Al : serjaraie : anialysis of !tWs : :pli^e;in; study reported a 
significant difference in the incidence 6f redubed left 
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Ta bl 7 . Summary of clinical studies assessing tumour localization of conventional and pegylated liposomes in patients with cancer. 



Liposome 



Tracer 



Patients 



Comments 



Reference 



Conventional Egg PC/Chol/PA 9!>m Tc0 4 " 



14 



Conventional DSPC/Chol 



in 



In-NTA 



24 



Conventional DSPC/Chol 



111 In-NTA 



Conventional DSPC/Chol 



^-NTA 



24 



Conventional Egg PC/egg PG/Chol 1 1 l In-deferoxamine 9 



Conventional DSPC/Chol 



l In-NTA 



Patients with various tumours 
(4 choriocarcinoma, 3 
hepatoma, 1 breast, 1 lung, 1 
renal cancer, 1 

haemangiopericytoma, 1 KS, 
1 AML, 1 PR V). Rapid 
clearance of radiolabeled 
liposomes by the RES with 
initial and terminal half-lives 
of 3 and 8-12 h, respectively. 
Tumour visualized in only one 
of 14 patients by gamma 
camera imaging 
Patients with various tumours 
(5 breast, 6 lung, 3 prostate, 2 
colorectal, 1 renal, 1 cervical, 
1 thyroid, 1 pancreatic, 1 . 
ovarian cancer, 1 lymphoma, 
I sarcoma, 1 melanoma). 
Rapid clearance of liposomes 
with blood levels of .50% and 
20% of the injected dose at 4 
and 24 h, respectively. 
Significant uptake of 
liposomes by the RES. 
Tumours seen on gamma 
camera scans at 24 and 48 h 
in 22 of 24 patients 

Report of positive tumour 
images by gamma camera 
scan in two patients with 
AIDS-related KS and NHL. 
No dosimetric data were 
presented 

Same group of patients as 
Turner et al (1988). 
Additional data presented on 
two patients who underwent 
surgery after injection of 
liposomes. Tumour to blood 
ratios ranged between 6.5 and 
1 8.3 : 1 for primary tumour, 
nodal and liver metastases 

Rapid clearance of 
radiolabeled liposomes by the 
RES. In^vivo evidence of drug 
leakage from the liposome in 
the circulation. Only 1/9 
tumours demonstrated weakly 
on gamma camera scan 

Patients with advanced 
tumours (2 breast, 2 colonic, 1 
lung, 1 prostate cancer, 1 
lymphoma). Rapid clearance 
of liposomes to. a blood level 
of 45% of injected dose at 4 h 
with significant RES uptake. 
Tumours seen on gamma 
camera scans at 24 and 48 h 
in four of seven patients 



Richardson etal(1979) 



Turner et al(1988) 



Presant et al (1988) 



Presantetal(1990) 



Gabizonetal(1991) 



Kubo et al (1993) 
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Tabl 7 (conf). 



liposome 



Tracer 



Patients 



Comments 



Reference / 



Pegylated HSPC/CHol/PEG-DSPE DQX 



16 



Pegylated HSPC/Chol/PEG-DSPE DOX 



18 



ConventionalDSPC/Chbl 



Illln-NTA 



Conventional DSPC/ChoI 



DNR 



Pegylated 

HSPC/Chol/PEG-DSPE 



DOX 



Pegylated 

HSPC/Chol/PEG-DSPE 



99m Tc0 4 " 



30 



Significant prolongation of the 
half-life, reduction of plasma 
clearance (0.1 vs 45 L h" 1 ) and 
volume of distribution (4 vs 
254 L) of pegylated liposomal 
doxorubicin compared with 
unencapsulated drug. Levels 
of drug 4- to 16-fold greater 
in malignant effusions in 
patients treated with 
liposomal agent 

Biopsies of AIDS-related KS 
lesions after either pegylated 
liposomal or unencapsulated 
drug. There was a 5.2 to 1 1.4- 
fold increase in tumour drug 
levels after pegylated 
liposomal doxorubicin as 
compared with 
unencapsulated doxorubicin 

Patients with recurrent high 
grade gliomas. Tumours seen 
in seven of eight patients on 
gamma camera scans at 72 h. 
Total tumour uptake 1 % of 
the injected dose (maximal 
tumour to normal brain: tissue 
ratio 1.4:1). Significant 
uptake by the RES (mainly 
liver and spleen) 

Patients with recurrent high 
grade gliomas. Tumour 
biopsies obtained 24-48 h 
after DNR administration. 
Circulation half-life of 4.8 h. 
Significant tumour 
accumulation of DNR in the 
range of anticipated cytotoxic 
activity 

Patients with metastatic breast 
cancer who underwent 
surgical fixation of femoral 
fracture 6 and 1 2 days after 
drug administration. The drug 
concentration was 10-fold 
greater in tumour than 
adjacent normal skeletal 
muscle . 

Patients with NSCLC and 
SCCHN received 
radiolabeled pegylated 
liposomes. Mean tumour to 
large blood vessel ratio of 
radioactivity was 1.01±0.29 
for NSCLC and 1.35±0.39 
for SCCHN. Liposome 
uptake correlated with 
tumour response to liposomal 
doxorubicin 



Gabizon et ai (1994) 



Northfeltetal(1996) 



Khalifa etal (1997) 



Zucchetti etal (1999) 



Symon etal (1999) 



Koukourakis et al (1 999) 
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Table 7 (cont). 



Liposome 



Tracer 



Patients 



Comments 



Reference 



Pegylated 

HSPC/Chol/PEG-DSPE 



'In-DTPA 



20 



Patients with locally advanced 
cancers (7 SCCHN, 4 
NSCLC, 5 breast, 1 cervix 
cancer, 2 glioma, 1 KS). 
Tumours seen on gamma 
camera imaging in 15 of 17 
patients studied. Uptake in 
SCCHN 33.0± 5.7% ID kg" 1 , 
NSCLC 18.3±5.7% ID kg" 1 , 
breast 5;3±2.7% ID kg" 1 . 
Tumour uptake related to 
tumour size. Surgical study in 
two patients with SCCHN 
showed tumour to normal 
tissue ratios of 2- to 11 -fold 
for a range of tissues 



Harrington et al (2001a) 



AML, acute myeloblastic leukaemia; Choi, cholesterol; DNR, daunorubicin; DOX, doxorubicin; DSPC, distearoyl phosphatidylcholine; ID, 
injected dose; KS, Kaposi's sarcoma; NHL, non-Hodgkin's lymphoma; NSCLC, non-small cell lung cancer; NT A, nitrilotriacetic acid; 
PA, phosphatide acid;; PC, phosphatidylcholine; PEG-DSPE, pegylated distearoyl phosphatidyl thanolamine; PG, phosphatidylglycerine; 
PRV, polycy thaemia rubra vera ; RES, reticuloendothelial system ; SCCHN, squamous cell carcinoma of the head and neck. 



ventricular ejection fraction between tie two groups (16% 
vs. 25% ) in favour of TLC D-99 (Batist et al 1998) : These : 
findings have been further supported by! more riecent data 
demonstrating a sij^iMc^tly lower rate of cardiotoxicity 
for TLC P-99 compeared with unencapsulated doxorubicin 
in patients with trea^ent-nai'ye breast cancer (Winer et al 
2000). in a further phase II study in which the aim was to 
escalate the : dose of TLC D-9£ by co-administration of 
growth:factors, 52 patients with treatmfcnt-nalve metastatic 
disease: breast recervjed a 1 35 ingj m~ 2 intravenous bolus of 
TLC Dr9? along wiih 5 /ig kg" 1 ^anulpcyte colony-stimu- 
latmgfa<rfcH^ every 21 days. The 

overall- response rat<$ was! 46 % , but this was achieved at the 
expanse ^ojf cdri^idprable treata^t-fela|ed toxicity (grade 4 
heutro^niaj thromjbo^^ and jmucpsitis in 92%, 

88%,. arid 19'% pf|pa^ 

1999). ^tempis hayfei also been ijnpie |o!inc6rj>orate TLC 
D-99 ^oicombinatijpn chemotherapy ife^imens in patients 
With m^t^static breaft cancer (Bajist et|ri !i 99|9 ; Val^b et a] 
1999). #a}ero et ad (|?99) ^ate^^l p|tie)ot^ with TLC D- 

mgm" 2 )onpay lj 
1 and 1 8 eyery ;3 



99(^0iiig|m; 2 ^ i^cl|phosph^ 
and«;5-^rou^ 

weeks'.^ frej^h^>f^0 cycjies per jp^tient wasdehvi^ed to 



a cuiniifer^eJ^C ^9? flbse of Strife ml^The i^girnen 



was^hi^y ar^^ riate of 73%, a 

med^i;!dte^6ri of ^eispbnse of il|:2:rlu6nthy and median 
ove^lj|irm^; of ljjj.4 pidri5^hs; 4:£ha^fe illsftudy; hks been 
pre&nt|d:j hi a&stidfct form in |wrub|\ jpatienri ;i;ribc€^ed 
cycl^r^^ha^ei <|00 mg m" 2 )}rjl^s ^tn^^^oiy^ 
TLC EiM ordpixbrlbicin (BatistJ^tlai 1 999).! the;r^pc|ii^e 




Liposomal daunorubicin ( DaunoXome ) . Liposomal 
daunorubicin (DaunoXome, NeXstar Fjhannaceuticals 
Inc., San Dimas, USA) is an SULV of 50-80 nm diameter, 
which consists of phospholipid membranes composed of 
DSfcC and cholesterol in a molar ratio of 2 : 1. In a phase 
I/II; phannacokinetic and clinical analysis, this agent 
demonstrated .a favourable alteration of the pharmaco- 
kinetic profile of the drug when cqmparedwith published 
data for the unencapsulated drug (Gill et al 1995). At the 
80 mg m~ 2 dose level, the mean total- body clearances were 
6.6 and 233 mLmiri -1 for liposomal and unencapsulated 
daunorubicin, respectively, which translated to a 36-fold 
increase in the area ; under the c»ncenteation-tirae curve. 
The yolume ; of distribution was 2:9 L for liposomal daunci- 
hibicin and; 1055 Lifor unencapsulated daunorubicin. In 
the early stages of clinical development ; of this agent, a 
nupiber of phai^ II studies were conducted at dbses ranging 
frojm 40 to 60 rhjg m" 2 eVery 2 weeks m patients wth AIDS- 
related KS. Response rates in the order bf ;#-73 % (Money- 
Kyrleet al 11993|; Presant et al 1993 ; <3illetal 1995 ; Girard 
et al 1996; Uth^y?ikiunar et al 1996) were documented. In 
addition, a larjgje prospective multicentre iphase III study 
of 2-weekly hposomal daunorubicin (40 mg m" 2 ) com- 
pared with standard combination chemptherapy (ABV: 
10 mgm" 2 doxorubicin, 15 III bleomycin;*! mg vincristine) 
ha4 beeja completed in 232 patients with AIDS-related KS 
(Gill et :al l996pl Trie resppnse rates for the two .treatment 
arms wjsr^ equiVaJerit (25% and! 28 ?/>■; respectively). The 
tonicity! profiles were ; different, :|with' liposomal ^daunoru- 
bicin causing signtficjaitlyiless nVurOpathy- OiiVo vs 41%) 
dnd &p£ecia (i% vs!36% ) th|m ABV, jbutj more myelosup- 
pr^ssipn (grade! 3 rieutropema '( 36% vi$^;36% ; grade 4 
r|euti-Orjienia : 15% vs 5% ). ijhere viras a sjtatistically insig- 
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nificarit increase in the incidence of opportunistic infections 
among the patients treated with liposomal daunorubicin 
(36% vs26% ). 

Thus far, there have been few studies of liposomal 
daunoiubicin iii patients with other tumour types. A phase 
I study of three daily doses of 75-200 mg m" 2 of liposomal 
daunorubicin ■ has been conducted in 24 patients with 
refractory or relapsed acute myeloid leukaemia or blast 
phase chrome myeloid leukaemia (Cortes et al 1999). The 
dbse-limiting- toxicities were myelosuppression, requiring 
transfusionkl support and mucositis. There were two com- 
plete respOnseis to treatment, in: a= follow-up study, 62 
patients with - refractory or recurring : acute myejoblastic 
leukemia received escalating doses of liposomal daunoru- 
bicin ai 75,; 100, 125, ;or 135 mg m" 2 day" 1 for 3 days with 
dytosine arabinoside (i g m" 2 ) as a continuous intravenous 
therapy for: 4' days. Eighteen patients (29% ) achieved a 
complete remission, and seven (11%) a haematological 
impro'yement for an bverall response rate of 40% (Cortes 
et ai ?001).: Lippens (1999) treated 14 children with 
recurrent or progressive brain tumours with a dose of 
60 mg in -2 bricie: eyery 4 weeks^ up to a cumulative dose 
of ;6dQ mg m r V There; were two complete and three partial 
responses' and two patients had stable disease. Steele et al 
(2001) conducted a phase I/Il trial in 14 patients with 
pleural mafi|nant mesothelioma. The maximum tolerated 
d|)se;was 120 ; mg m~ 2 every 3 weeks. No objective respoiises 
td itfeatmeiitiwere recqrdied, : although nine patients had 
sdabilizatipti jo|f their disease during therapy. Two separate 
please I and H studies 6f liposomal daimorubicin have been 
reported in pkibnts with hepatocellular carcinoma (Yep 
el[al 1999; Daniele et;kl 2000). Yeo et al (1999) treated 14 
patients with i doses of 100 mgm" 2 every 3 weeks, but 
observed ho tumour responses. In a phase I trial, 1 1 patients 
with -hepatocellular carcinoma complicating cirrhosis were 
enrolled oh^tpkpropdsed dose-escalktion protocol starting 
at 80mgm^lDose-liimting toxicity was encountered at 
ttye starting dose and at the subsequent reduced doses 
of 60 mg |arid 40, mg m" 2 (Daniele et al 2000). More 
recently, a iphjase I d<j>se-escalating trial of DaunoXome 
wias conducted in 16 patients with metastatic breast cancer 
(O'Byrne et ai 2002). Of 15 ^valuable patients, two had 
partial responses, six had stable disease and seven pro- 
gressed. The dose-limiting toxicity was neutropenic fever 
at a dose of 120 mg m" 2 . 

Liposomal vincristine (Qnco-TCSj. This formulation of 
vincristine entrapped in 120-nm SULV composed of DSPC 
and cholesterol has undergone preliminary clinical investi- 
gation (Gelmon et al 1999; Sarris et al 2000), Gelmon et al 
(1999) treated 25 patients with various malignancies with 
dqses of Hpbspin^l vincristine between 0.5 and 2.8 mg m" 2 
every 3 weeks: Toxicity was. pain, constipation, fever,, 
rigors, fatigue,' myalgia and peripheral neuropathy and the 
maximum dose was 2.4 mg m" 2 . A single partial response 
was seen in a patient with -paiK;reaticjcanoer and minor 
responses were seen in two patients' Sarris et al (2000) 
reported the results of a phase II trial' in 51 patients with 
relapsed non-Hodgkiri' s lymphomas and acute lympho- 



blastic leukaemia. Patients received 2.0 mg m" 2 every 2 
weeks and responses were seen in 14 of 34 (41 % ) evaluable 
.'. patients: Severe (grade 3 or 4) motor or sensory neuropathy 
was seen in 11 patients; and necessitated termination of 
therapy in five patients (all of whom had prior neuropathy). 



Liposomal NDDP. NDDP encapsulated in conventional 
MLV has been subjected to a number of phase I/H studies. 
A dose-escalation phase I study of intravenous liposomal 
NDDP administered every 4 weeks has been conducted in 
39 patfents with a range of tumour types (Perez-Spier et al 
1990). The dose-limiting [ toxicity wias myelosuppression 
and the maximum tolerated dose was :312.5 mg m" 2 every 4 
weeks. Other significant toxicities included nausea, vomit- 
ing and diarrhoea, but there was no evidence bf nephro- 
toxicity or ototoxicity. The favourable pharmacokinetics 
documented after intraperitoneal administration in mice 
(Vadiet et al 1992) have prompted studies of locoregional 
administration of this agent in patients with i malignant 
dSusionsi(Perez-Soler;btal 1997, 1999jlnthefihtstudy,:21 
patients with: nbh-loculated mahgnant\ pleural "effusions 
due to luiag cancer, ovarian cancer and mesothelioma were 
treated* with escalating dbsfcs of intrapleural i hposomal 
NPDP (PerezrSoler; et al 1997). The maximal tolerated 
dose was 450 mgm" 2 and the limitirig toxicity; was chest 
pain* y^hich; presumably bccurred secondary to chemical 
pBiiritik.rPhannacpl^etib analysis |lemonstrit^ :imtial 
rapid dnjig absorption into the cireijlatibri oyer 2,h, fol- 
lowed ;|>y plateau levels between 6 aid 24 h. Intrapleural 
administration abrogated the toxicides; associated with 
intraveficjus ^administration. One patient experienced com- 
plete resolution of his malighant effusion and; five others 
had sighificdnt volume reductions for prolonged periods. 
In a follow-up study, 20 patients ; with mesothelioma 
received liposomal NDDP at; a dose of 450 mg m" 2 every 3 
to 4 wefckjs (Perez-Soler et al 1999). Two patient? died soon 
after thje jfir^t drug administration diie to lpcatf complica- 
tions of the | infusion. In the assessable patients, .11- of 15 
(73%);patiejnts had a complete pathblogical response of 
their disease. 



Sterically stabilized liposomes 

Pegylated liposomal doxorubicin (Doxil/Caelyx). Pegylat- 
ed liposomal doxorubicin (Doxil/Caelyx ; SEQUUS Phar- 
maceuticals Inc., Menlo Park, USA) consists of doxoru- 
bicin encapsulated in an SULV of mean diameter 96 nm 
with the following lipid composition (values expressed in% 
molar ratio): hydrogenated soybean phosphatidylcholine 
(HSPC) (56:2% ), pholesterol (38.3%), and ^(carbainoyl- 
methoxypplyethylene glycol "2000)7l,2-distearoyl-5n-gly- 
cero-3-^hosphp^thanolaminei sodium salt (53%). Initi- 
ally, as in the case of DaunoXppie> this agent was subjected 
to phase' I and n|studies:in patients Adth Alt)S-related KS. 
Respbiree rates 6f <5<>-93% wet6 reported, ! with relatively 
little: toxicity; (kengge . et al 1993 j: Simpson et al. 1993; 
Bpgnetiet al 1994; j James et al H994; Harrison et al 1995:; 
Gbebel bt al 1 996); Subsequently, two large phase III studies 
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were reported in which single agent Doxil/Caelyx was 
randomized against standard combination chemotherapy 
for AIDS-related KS; either bleomycin and vincristine 
(BV) (Stewart et al 1998) or ABV (Nortkelt et al 1998). In 
the former study, 241 patients were treated with either 
Doxil/Caelyx (20 mgm' 2 ) or bleomycin (15 IUm~ 2 )and 
vincristine (2 mg) eVery 3 weeks for 6 cycles (Stewart et al 
1998). Doxil/Caelyx was significantly more active than 
BV; with response rates of 58 .7 % and 23 . 3 % , respectively. 
Patients treated with BV were significantly more likely to 
stop trejatment prematurely because of an adverse event 
(26.7% vs 10.7%) and had. greater rates of peripheral 
neuropathy (14.2% vs 3.3% )and lower rates of leukopenia 
(50.8% vs 71.9%). In the latter study, 258 patients were 
randomized to receivb either Doxil/Caelyx (20 mg m" 2 ) or 
doxorubicin (20 mg m" 2 )i bleomycin (10 IU m~ 2 ) and Yin- : 
cristine (1 mg) r every 2 weeks for 6 : cycles (Nbrthfelt et al 
199$). Doxil/Caelyx iwas significantly more effective than 
ABV, with response rates of 45.9% and 24.8% , respect- 
ively. Doxil/Caelyx was better tolerated than ABV in terms 
of alopecia (1% vs 19 % X nausea and vomiting (15% vs 
34% ) and rieuropathjy (6% vs 14% ), although there was 
no difference in grad? 3 leukopenia (36% vs 42%). These 
data are particularly Striking in view of the limited activity 
of single agent unencapsulated anthracycline (and anthra- 
cenedione) chemotherapy against AIDS-'Srelated KS 
(kaplan & Volberding 1985; Chachoua et al 1987; 
Shepherd et al 1991 ; Fischl et al 1993). 

More recently,: a mpnber of phase I/II studies have been 
conducted in patients with solid cancers. The activity of 
this agent against refractory ovarian cancer has been 
reported by a number of gjroups (Muggia et al 1997; 
Gordon et al 2000 ; Istraiel et al 2000 ; Markman et al 2000 ; 
Johnston and Gore 2001 ; Muggia and Hamilton 2001). 
Muggia et al (1997) treated 35 patients with platinum and 
taxane-resistant ovarian canper with Doxil/Caelyx at a 
dose of 4Q-50 mg m" 2 every 3-4 weeks. A response rate of 
26% (9 of 35) was reported, with one complete and eight 
partial responses. Drug-induced nausea, alopecia and car- 
diomyopathy were not seen, although 37% (13 of 35) of 
patients experienced grade 3 or 4 mucocutaneous toxicity 
(see below for a discussion of these toxic effects). In a larger 
study, 89 patients with platinum and taxane-resistant dis- 
ease received 50 mg m" 2 Doxil/Caelyx every 4 weeks, with 
a response rate of 17% (one complete and 14 partial 
responses). Again, mucocutaneous toxicity was problem- 
atic, but other toxicities were uncommon (Gordon et al 
2000). In an attempt to develop a more tolerable regimen, 
Markman et al (2000) treated 49 patients with treatment- 
refractory ovarian, fallopian tube or peritoneal carcinoma 
with 40 mg m~ 2 Doxil/Caelyx every 4 weeks. In this case, 
there were reduced rates of mucocutaneous toxicity, but 
the response rates were also lower at 9% (4 of 44) of 
eyaluable patients. In a further study, 63 patients with 
gynaecological cancers, the majority of whom had treat- 
ment-refractory ovarian cancer, received 50 mg m~ 2 
Doxil/Caelyx every 4 weeks (Israel et al 2000). In patients 
with measurable disease, the response rate was 19%. 
Furthermore, in those patients with elevated tumour 
marker (C A- 1 25) levels, the response rate was 59 % . Again, 



the same patterns of predominantly mucocutaneous tox- 
icity were documented. 

Activity of Doxil/Caelyx has also been reported in 
patients with breast cancer (Ransori et al 1997 ; Lyass et al 
2000; Schwonzen et al 2000). Ranspn et al (1997X reported 
the dfect of Doxil/Caelyx in 71 ahthracycUne-nafve women 
with stage IV breast cancer. In a rather complex study 
design, patients received 45-60 mg m" 2 every 3 to 4 weeks 
to a maximum of 6 cycles. The overall response, rate was 
31% and the same number of patients had disease stabi- 
lization on treatment. It wais determined that a dose of 
45 mg m~ 2 every 4 wejeks was well tolerated and that dose- 
limiting cutaneous toxicity precluded the delivery of more 
dose-ihtense regimens. In a similar dose-finding and thera- 
peutic study- Lyass et al (2000) treated 45 patients with 
metastatic breast cancer who had all received chemo- 
therapy. Six separate dose schedules were evaluated ranging 
from 35 mg m" 2 every 3 weeks to 70 mg m" 2 eVery 6 weeks. 
Pharmacokinetic parameters were measured in represen- 
tative patients from; each dose schedule and toxicity was 
found to be dose and schedule dependent. Objective re- 
sponses werelseeniin 20% (9 of 45) of patients, witn another 
20 patients showing either minor response or disease stabi- 
lization. More recent studies; have fociissedon theiuse of 
liposomal doxorubicin with radiotherapy and/or hyper- 
thermia in patients with local 'recurrence; (Dvorak et al 
2001 ; Kouloiilias et al; 2002). 

Doxil/Caejlyx has also been evaluated in patients with 
recurrent or pietastatic head and neck cancer (Gaponigro 
et al 2000). Tjweinty four patients were treated at escalating 
drug doses between 30mgm" 2 arid 50mgm~ 2 every 3 
weeks. As with the other studies reported, dose-liiriiting 
toxicity was mucocutaneous and the maximum tolerated 
dose was 45 mg:m" 2 . The response rate was 33% (8 of 24). 
Significant activity of this drug was also reported in patients 
with newly diagnosed, treatment-nalye head and neck 
cancer (Harrington et al 2001b). Twenty; patients were 
treated, with 10 receiving 2 cycles of 40 mgm~ 2 every 3 
weeks before starting radical radiotherapy, and subsequent 
patients receiving a third escalating dose of 10, 15 or 
20 mg m" 2 3 days before startingradiotherapy. Nine of 18 
(50%) evaluable patients responded to treatment. Signifi- 
cantly, there were no drug-relateid delays to the delivery of 
radiotherapy, and local radiations-induced tjoxicity was not 
exacerbated. In a different approach, Doxil/Caelyx was 
administered at escalating doses between JO mgm" 2 and 
25 mg m" 2 every 2 weeks concomitant with radiotherapy to 
patients with head and neck and ljuig cancers (Koukourakis 
et al 1999). Treatment! was well! tolerated, although dose- 
limiting exacerbation of mucosal toxicity occurred in the 
patients with head and neck cancer at 20 mg m" 2 . 

Wollina et al (2000), in an attempt to exploit the tendency 
of this agent to localize to the skin, demonstrated significant 
activity of Doxil/Caelyx in six patients ! with relapsed 
cutaneous T-cell lymphoma. Five of six patients responded 
(83 % ), with four complete responses and one . partial 
response. In a follow-up report, they presented data for 10 
patients. There were six complete and two partial responses, 
with stable disease in one other patient. Response duration 
was 15 months and progression-free survival was 18.2 
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month? (Wollina et al 2001).Toma et al (2000) reported a 
modest response rate of li% (3 of 25) in patients with 
advanced pre-treated soft tissue sarcomas who received 
30-50 rng m -2 every 3 weeks/ Significantly, 68% (17 of 25) 
of the patients achieved temporary stabilization of their 
disease. O'Brien et al (1998) reported their experience of 
treating 19 patients with small cell lung cancer with DOxil/ 
Caelyx at a dose of 50 mg m" 2 every 4 weeks. The majority 
of patients had' been treated previously with platinum- 
containing combination regimens. In the 10 patients who 
w6re evaluable for Response, there were three partial re- 
sponses and a. further four patients had disease stabiliz- 
ation. 

In contrast to the encouraging data presented above, 
Doxil/Caelyx has been shown to possess no significant 
activity against hepatocellular ;(Halm et al 2000), renal cell 
(Pennington.etal 1998), pancreatic (Yipetal 1999; Hklford 
et al 2001), gastric (Thomas et al 2001) arid colorectal 
(Shields et al 2001) cancers. Trials have also reported poor 
activity of this ; drug in patients with advanced soft tissue 
sairconias (ElsOnet al 1998 ; Skubitz 1998). The preliminary 
results of a randomised phase II trial of Doxil/Caelyx 
versus doxorubicin inpatients with sarcomas have shown 
^uivalent respjohse rates but significantly less toxicity with 
the liposomal agent (Judson et al 2001). In addition, 
preliminary phase I and II studies have been conducted 
using Doxil/Caelyx in combination with other cytotoxic 
agents, including paclitaxej jlsraM et al 1998 ; Langley hi al 
1998 ; Schwonzen et al 2000 ; Mavrpudis et al 2002), dpce- 
taxel (Malik et al 1^8), cisplatjn (Klein et al 1998) 'and 
vinorelbirie: (Laufmari et al -1998; Ramirez et al 1998). A 
combination regimen of vincristine, Doxil/Caelyx and 
dexamethason^ was shown to exert significant activity in 
12 elderly patients with multiple myeloma (Tsiara et al 
2000) and cffers the potential of avoiding the need for 
infusional doxorubicin! therapy! in such patients. Eight 
patients achieved complete haematological remission and 
three patieits had a partial tesppjnse. Treatment was given 
on an ambulatory ■ basis and was well tolerated. 

In addition to the potential therapeutic benefits of lipo- 
somal formulation, DOxil/ CaelyX has been shown to reduce 
the familiar acute and; chronic adverse effects of unencap- 
sulated doxorubicin. Nausea and vomiting is a frequently 
encountered toxicity of unencapsulated doxorubicin, but is 
considerably reduced after treatment with Doxil/Caelyx 
(Harrison et al |995 ; Mii^gia et al 1997 ; Ranson et al 1997 ; 
Stewah et al 1998). Similarly, marked alopecia is almost 
invariable aifter prolong;ed treatment with unencapsulated 
doxorubicin, but is unpommon (< 10% ) in patients treated 
with poxiiyCaelyx (Harrison et al .1995; Muggia et al 
1997 ; Ranson et al 1997 ; Northfelt et al 1998 ; Stewart et al 
199$; Gordon et al 2000; Israel et al 2000). Local ex- 
travasation of free doxorubicin generally causes severe 
tissue inflammation and even necrosis (Rudolph et al 1976), 
but! this vesicant activity of the drug is abrogated by 
encapsulation within a p^gylated liposome (Madhavan & 
Northfelt 1995 ; Muggia et al 1997; Lotem et al 2000). 
More importantly, the chronic dose-limiting toxicity of 
doxorubicin therapy is cardiac damage, resulting in a 
dilated cardiomyopathy. In general, cumulative life-time 



doses below a threshold of 550 mg m~ 2 are associated with 
a low risk of cardiomyopathy, although the incidence rises 
sharply beyond this dose^ effectively imposing a ceiling on 
the drug dose that may be given safely (von Hcff et al 
1979). The incidence of clinically significant doxorubicin- 
induced ciardiotoxicity is considerably reduced by entrap- 
ment of the agent within pegylated liposomes, probably 
because the circulating drug is not bioayailable to the 
cardiac myocytes, resulting in decreased peak drug con-^ 
centration and reduced total drug exposure. As a result, 
total doses of up to 440-840 mg m~ 2 have been tolerated 
without causing clinically. significant cardiac dysfunction. 
In a recent study, the pathological changes seen on endor 
myocardial biopsy for a group of 10 patients who had 
received doses of Doxil/Caelyx ranging from 400 to 
>700mgm~ 2 were compared with a matched control 
group who had received unencapsulated doxorubicin. The 
patients who had received the liposomal formulation 
showed significantly less evidence of damagie than; those 
who had received the free drug (Berry et al 1998 ; Speyer & 
Wasserheit 1998). 

Alteration of the pharmacokinetics and bipcftstribution 
of agents by encapsulation withuVpegylated liposomes has 
been, associated with novel toxic effects. In particular, 
plantar-palmar erythrpdysaesttoesia (PPE) or "hand- 
foot" syndrome isjseen in patients treated with ^repeated 
doses of Doxil/Caelyx, This toxicity, which manifests as 
painful swelling anjd erythema of the hands, feet* intertri- 
ginous areas and sites of trauma, is thought to be the result 
of accumulation of jlipbsomal doxorubicin in thelskin, with 
the effect of delivering alprolpriged drug exposure '(Gordon 
et al 1995; Lotemet al 2000). A similar mucosal toxicity 
associated with aphthous ulceration in die mouth is also 
seen in association with PPE. Together, these jnupocu- 
taneous manifestations represent the main dose-limiting 
adverse events of :E|oxil/Caely?t. A study by Yail et al 
(1998) has assessed the value of pyridoxine in the prevention 
of PPE in dogs, Diogs with biopsy-confirmed nOn-Hodg- 
kin's lymphoma wbre treated with Doxil/Caelyx at a dose 
of 1 mg kg~ l and were randomly allocated to receive either 
oral pyridoxine (5p mg) 3 times a day or placbbo. The 
relative risk of developing PPE was 4.2-times greater in the 
dogs treated with piacebo. This was associated with pyri- 
doxine-treated dogs receiving a greater dose intensity of 
Doxil/Caelyx andiljiaving a trend towards a bette* relapse- 
free survival. In addition, ergotamine administered subcu- 
taneously in rats receiving Doxil/Caelyx has been shown 
to reduce the incidence of PPE (Colbern et al 1998a). These 
authors have also conducted a study in mice bearing Lewis 
lung cancer xenogriaft tumours,, which has dembnstrated 
that the use of prophylactic pyridoxine does not affect the 
efficacy of Doxil/Caelyx. However, ergotamine was as- 
sociated with a dose-dependent fall in the therapeutic effect 
of Doxil/Caelyx. As yet, there have been no published 
studies of the effect of these or other agents on the incidence 
of PPE in patients. Topical 99% dimethylsulfoxide, which 
has been shown to reduce tissue reactions following ex- 
travasation of doxorubicin, has also been, shown to have 
some activity against PPE in a non-randomized study 
(Lopez et al 1999). 
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Pegylated liposomal cisplatin (SPI-077). Pegylated lipo- 
somal cisplatin (SPI-077 ; SEQUUS Pharmaceuticals Inc.) 
is a StfLV with a mean diameter of 110 nm. lt has the 
following composition (values stated as % molar ratio): 
5L0% HSPC, 44.0%: cholesterol and 5.0% MPEG-DSPE, 
and contains 14 jig cisplatin (mg lipid) -1 . Pharmacokinetic 
and preliminary, toxicity data for this drug preparation 
have been reported in abstract form (DeMario et al 1998). 
Fourteen patients received escalating doses : up to 
120 mg m" 2 , with nojeyidence of myelosuppression, neuro- 
toxicity or renal damage. The volume of distribution of the 
drug was equivalent to plasma volume and the estimated 
half-life wais about 60 h. Analysis of plasma ultrafiltrate 
revealed no unencapsulated cisplatin, confirming the stab- 
ility of .tniis liposomal formulation. A do&e^escalation study 
has been peirfprined in ; patients with non-small cell lung 
cancer, in which xlospS of SPI-077 up to 260 mg m~ 2 were 
administered iin combination with paclitaxel, without evi- 
dence of dos^-limiting platinum-induced toxicity (DeVore 
et al 1999). A phase I/II study has bee;n; conducted in 18 
patients with; treatment-naive, locally advanced, inoperable 
squamous cell ;Carcinoina of the headland neck, who 
received 2 cycles of treatment at doses of 200-260 mg m" 2 
before commencing radical radiotherapy (Harrington et al 
2001c). treatment was very^ well tolerated, with no he- 
matological, renal, hepatic or neurological toxicities, but 
there were partial resppnses in only two patients (1 1 % ). In 
view of j these date and the in-vitro evidence that this 
liposome has veijy slow release kinetics, further evaluation 
of this particular formulation may not be warranted. 

Conclusions 

Following a somewhat protracted period of development, 
Iipbsomally targeted cytotoxic drugs appear to be on the 
point of becoming an established component of our arma- 
mentarium in the treatment of cancer. Theiinitial wave of 
anthracycline agents: (DaunoXbme, Doxil/Caelyx, TLC 
D-99) has provided proof of principle that these prepara- 
tions can; alter the efficacy and toxicity profiles of the 
parent compound. As a result of these initial successes, 
other agents ;(platins and vinca alkaloids) have entered 
preliminary clinical trials and new liposomal preparations 
of camptothecins (Koshkina et al 2000 ; Yerschraegeh et al 
2000) and topdisoimerase inhibitors (Colbe^n et al 1998b; 
Emerson et al 2000)are under investigation J In additibn to 
the delivery of conventional cytotoxic drugs, there exists 
the possibility of encapsulating other groups !of compounds 
such as radiation sensitizers (Harrington et ;al 199^8), cyto- 
kines (Kqnno et at 1991) and immunomodulatory (Malik 
et al 1991) within liposomes. Such possibilities are likely to 
ensure that the field of liposomal drujg delivery will remain 
an active area of research for the foreseeable future. 
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